Abstract RAS effector signaling instead of being simple, unidirectional and linear cascade, is actually recognized as highly complex and dynamic signaling network. RAF-MEK-ERK cascade, being at the center of complex signaling network, links to multiple scaffold proteins through feed forward and feedback mechanisms and dynamically regulate tumor initiation and progression. Three isoforms of Ras harbor mutations in a cell and tissue specific manner. Besides mutations, their epigenetic silencing also attributes them to exhibit oncogenic activities. Recent evidences support the functions of RAS oncoproteins in the acquisition of tumor cells with Epithelial-to-mesenchymal transition (EMT) features/ epithelial plasticity, enhanced metastatic potential and poor patient survival. Google Scholar electronic databases and PubMed were searched for original papers and reviews available till date to collect information on stimulation of EMT core inducers in a Ras driven cancer and their regulation in metastatic spread. Improved understanding of the mechanistic basis of regulatory interactions of microRNAs (miRs) and EMT by reprogramming the expression of targets in Ras activated cancer, may help in designing effective anticancer therapies. Apparent lack of adverse events associated with the delivery of miRs and tissue response make 'drug target miRNA' an ideal therapeutic tool to achieve progression free clinical response.
Introduction
RAS proteins are monomeric membrane localized GDP/GTP binding (G) proteins and serve as molecular switch that link receptor and non-receptor tyrosine kinase activation to downstream targets through RAS dependent signaling. External stimuli including growth factors, hormones, cytokines bind with receptor tyrosine kinases (RTKs) and command the cell through RAS signaling and its crosstalk with intracellular signaling cascades (McKay and Morrison 2007; Rozengurt 2007) . Some of its essential functions include progression of cell through cell cycle, promotion of angiogenesis and regulation of cell morphology, differentiation, cellular adhesion, cell invasion and migration (Oktay et al. 1999) .
About 30% human cancers are known to harbor mutations in Ras protooncogene. Mutationally activated Ras genes were first detected in human cancers in 1982 (Cox and Der 2010; Atreya et al. 2015) . Besides R-Ras (Related rat sarcoma viral oncogene homolog) and M-Ras (Muscle rat sarcoma viral oncogene homolog) genes, three potential oncogenes namely H-Ras (Harvey rat sarcoma viral oncogene homolog), N-Ras (Neuroblastoma rat sarcoma viral oncogene homolog) and KRas (Kirsten rat sarcoma viral oncogene homolog) code for highly related protein products namely H-Ras, N-Ras and KRas (two protein isoforms: K-RasA and K-RasB) respectively (Varras et al. 1996) . Oncogenic functions of mutated Ras genes are implicated in their constitutive activity, stimulation of cell proliferation, inhibition of apoptosis and tumorigeneisis (Capon et al. 1983) . Predominant occurrence of specific point mutations has been identified in K-Ras in colon and pancreatic cancer, H-Ras in cancer of urinary tract and bladder, and N-Ras in leukemia (Cox et al. 2014) . Presence of mutations in all the three genes in thyroid carcinomas further suggests that their tumorigenic functions are highly tissue and tumor dependent. Analysis of 1168 primary K-Ras-mutant tumors across 30 different cancer types identifies the significance of relative expression of mutant and wild type (WT) K-Ras in tumorigenic and therapeutic responses (Tothova and Ebert 2017) . Amplification of mutant Ras confers cells a clonal advantage compared to cells with WT RAS allele which makes it a frequent event in cancer development (Burgess et al. 2017) .
Studies have established a link between Ras and Epithelialto-mesenchymal transition (EMT) through the activation of extracellular inducers; EMT-activating transcription factors (EMT-ATFs); and its downstream effectors. EMT confers tumor cells with enhanced cellular plasticity and it is characterized by the bidirectional conversions of tumor cells with epithelial (E), mesenchymal (M) and hybrid E/M phenotype (Garg 2017) . The conserved process of EMT is defined by the loss of cell-cell adhesions, increased migratory abilities and invasiveness (Qi et al. 2014) . Aberrant activation of EMT renders tumor cells with enhanced metastatic potential. It leads to the acquisition of therapeutic resistance and imposes significant clinical challenges in the treatment of cancer.
Non coding conserved RNAs/microRNAs (miRs) are the master regulators of many pathological and physiological processes including EMT. MiRs form mutually inhibitory feedback loop with EMT inducers/ ATFs and a crosstalk between distinct signaling cascades (Garg 2015) . RAS mediated RAF/ MEK/ERK pathway is emerged as a potential inducer of EMT. It stimulates the nuclear expression of EMT inducers and reprograms the expression of genes that are involved in cell-cell adhesion, cytoskeletal arrangement, invasion and migration. The current paper focuses on the molecular basis of RAS mediated signaling, its crosstalk with intracellular cascades, stimulation of EMT program and its contribution in tumor development. This comprehensive review provides insights towards localizing the miR based potential therapeutic approaches which might help in designing new anti-cancer drugs to RAS mediated acquisition of EMT and to prevent cancer metastasis and its relapse.
Ras oncoproteins in human cancer
Number of studies confirms the oncogenic functions of mutant Ras gene. Rodent fibroblast transfected with mutant Ras gene and genetically engineered mouse models harboring mutant Ras gene exhibit increased incidences of cancer progression. Withdrawal of Ras expression using RNA interference (RNAi) both in vivo and in vitro leads to regression of tumor (Brummelkamp et al. 2002; Lim and Counter 2005; Singh et al. 2009 ). This increases the therapeutic usefulness of mutant Ras in advanced cancers. High frequency of mutations in Ras genes in humans is identified in a wide variety of tissue specific cancer types ( Fig. 1 and Table 1) . Missense mutations at codon 12, 13, 59 and 61 in cancer associated Ras genes abolish GAP-induced GTP hydrolysis of Ras proteins, make it constitutively active and stimulate cellular proliferation. Activated K-Ras oncogene has been examined to modulate tumor angiogenesis/ neovascularization in chronic pancreatitis (CP) and pancreatic adenocarcinoma (PAC) (Banerjee et al. 2000) . More than 99% of the early stage and grade pancreatic intraepithelial neoplasms, the most common precursors of pancreatic ductal adenocarcinoma (PDAC) harbor mutations in K-Ras, p16/CDKN2A, GNAS, or BRAF (Kanda et al. 2012 ; Cancer Genome Atlas Research Network. Electronic address: andrew_aguirre@dfci.harvard.edu; Cancer Genome Atlas Research Network 2017). Since the recent researches associate Ras activation with the cell migration and increased invasion properties, therefore, it is essential to examine molecular functions of Ras oncogenes and its downstream effects Lu et al. 2016; Saitoh et al. 2016; Krebs et al. 2017 ).
Prenylation and processing of RAS protein
Each RAS protein is a 190 amino acid long and is highly conserved at N and C termini. However, different functions assigned to RAS proteins could be due to differences in 5 amino acid long hypervariable domain near C-terminus. Prenylation facilitates the interaction of membrane with small hydrophilic protein like RAS which is involved in cell signaling. Transfer of farnesyl group from farnesyl-pyrophosphate (FPP) to terminal cysteine in the motif CAAX [C = cysteine; A = aliphatic amino acid (Lysine, Valine, Isoleucine); X = Glutamine, Leucine, Serine, Methionine] located at carboxyl end of Ras proteins is catalyzed by farnesyl transferase (FT) (Cox et al. 2014) . Depending upon 'X', geranylgeranyl Fig. 1 Frequency distribution of K-Ras, H-Ras and N-Ras mutations in human cancer. Among Ras-driven cancers, 86% of mutations observed in K-Ras isoform followed by 11% in N-Ras and 3% in H-Ras. Ras gene mutations are detected in percent frequencies among different Ras isoforms in different human cancers Lin et al. 1998; Miyakura et al. 2002; Akagi et al. 2007; Smith et al. 2010; Naguib et al. 2011 H RAS Lin et al. 1998; Miyakura et al. 2002; Akagi et al. 2007; Smith et al. 2010; Naguib et al. 2011 N RAS Hobbs et al. 2016 transferase type 1 (GGT-I) catalyzes the transfer of geranylgeranyl group to the proteins from geranylgeranyl pyrophosphate (GGPP). This is followed by the cleavage of 'AAX' by specific endoprotease in endoplasmic reticulum and methylation of exposed carboxyl group by prenyl protein specific methyl transferase (Clarke 1992) . Transfer of geranylgeranyl groups from GGPP by geranylgeranyl transferase type 2 (GGT-II) to the proteins containing CXC motif (members of RAB family) has been examined. Farnesylated/ geranylgeranylated proteins undergo palmitoylation on -SH group of penultimate cysteine residue and is the only reversible event for H-RAS, N-RAS and K-RAS proteins containing CAAX motif. This increases the affinity of RAS proteins with the cell membrane (Fig. 2a) . Palmitoylation further increases affinity of K-RasB with membrane due to presence of lysine rich sequences which can electrostatically interact with acidic phospholipids on inner membrane surface (Kato et al. 1992) . Local lipid composition within the membrane influences the differential activation of RAS effectors (Zhou et al. 2017) .
Growth of H-Ras driven tumors was shown to be blocked by farnesyl transferase inhibitors (FTIs) in preclinical mouse studies. Two FTIs (lonafarnib and tipifarnib) failed to show any antitumor activity in phase III clinical trials in K-Ras and N-Ras driven pancreatic and colon cancers. The reason for this failure could be alternative prenylation where K-RAS and N-RAS proteins are catalyzed by the related prenyl transferase, geranylgeranyl transferase I (GGTase I) (Whyte et al. 1997) .
Ras protein activation
Binding of growth factors, polypeptide hormones, neurotransmitters, chemokines, and phorbol esters to the receptor causes its dimerization and activation of intrinsic receptor tyrosine kinase. Specific tyrosine residue on intracellular portion of receptor undergoes autophosphorylation (Medarde and Santos 2011) . Further sequence of events include binding of phosphorylated tyrosine residues with SH2 (sequence homology 2) domain of adaptor protein such as Grb2 and binding of proline rich motifs of protein like son of sevenless (SOS) [a guanine dissociation stimulator (GDS) of RAS/ guanine nucleotide exchange factors (GNEFs)] with SH3 (sequence homology 3) domains of Grb2. Grb2 thus links ligand bound/ activated receptor to SOS, recruits SOS (cytosolic protein) into the vicinity to RAS protein on plasma membrane (Cox et al. 2014) . Binding of RAS to SOS activates it by allowing the change in Ras conformations, dissociation of GDP and binding of GTP to it (Cox and Der 2010) . Recruitment of downstream effectors including phosphoinositide 3′-kinase (PI3-K), serine-threonine kinase RAF-1 and RalGDS to the active form of RAS in plasma membrane leads to the activation of distinct signaling cascades (Ferro and Trabalzini 2010; Castellano and Downward 2011) .
Like other G proteins, RAS behaves as small GTPase, acts as binary molecular switches that cycles between GTP-bound active form and GDP-bound inactive form. RAS in inactive Fig. 2 a Prenylation and processing of RAS proteins. The three Ras genes, K-Ras, H-Ras and N-Ras encode 188-190 amino acids and share 82% -90% overall sequence identity. These proteins undergo farnesylation at the thiol group of cysteine moiety of CAAX motif. This is followed by cleavage of terminal tripeptide by endopeptidase, methylation and palmitoylation of terminal exposed cysteine residue before membrane localization. b Activation cycle of RAS GTP-GDP. Conformation of RAS proteins at 30-38 amino acid region [Switch I (SI)] and at 60-76 amino acid region [Switch II (SII)] changes during GDP-GTP cycling. GTP hydrolysis is facilitated by RASGAPs while guanine nucleotide exchange activities are stimulated by GNEFs. Binding of ligand to the receptor activates GNEFs, destabilizes nucleotide binding and releases nucleotide. At or above ten-fold higher concentration of GTP in cell cytoplasm, GNEFs facilitate transient formation of RAS-GTP. This is followed by the increased intrinsic GTPase activity of RAS (stimulated by GAPs). As a result RAS-GTP is converted into inactive GDP bound form. Mutations in Ras gene impair GAPs stimulated GTP hydrolysis and allow RAS to persist in GTP bound form. GTP: Guanosine triphosphate; GDP: Guanosine diphosphate; GAPs: GTPase-activating proteins; GNEFs: Guanine nucleotide exchange factors GDP-bound state is stable and undergoes conversion to the active GTP-bound form which is stimulated by GEFs (Simanshu et al. 2017) . This is followed by reconversion to inactive form via stimulation of GTP hydrolysis by GTPase-activating proteins (GAPs) (Cherfils and Zeghouf 2013) . Normally RAS protein exists in GDP bound inactive state with intrinsic GTPase activity. GTPase activating domain (often referred to as the GAP-related domain, GRD) of RAS GAPs is highly conserved; stimulates GTP hydrolysis; and plays distinct roles in signal transduction and RAS regulation (Bos et al. 2007 ). RASA1/p120 RASGAP contains SH2 and SH3 domains that allow it to bind to activated receptors, such as PDGFR and thus enable RASA1/p120 RASGAP to downregulate RAS appropriately during signaling (Kaplan et al. 1990) .
Ras mutations at codons 12, 13 and 61 (replacement of glycine at 12 and 13 with any amino acid except proline) either reduce intrinsic GTPase activity or completely abolish GAP induced activation (Trahey and McCormick 1987) (Fig.  2b) . As a result RAS becomes the constitutive activator of downstream effectors/ targets. GAPs attenuate normal RAS functions and activate it by mediating RAS-induced disruption of actin stress filaments through its SH2 and SH3 domains at N terminus (Maruta and Burgess 1996) . Mutations in Ras such as A146 mutations (4% in colorectal cancer), T158A, R164Q, and K176Q decrease affinity for nucleotide; allow GDP to dissociate rapidly; and lead to abnormal accumulation of RAS in the GTP-form at the plasma membrane without any assistance from upstream signals and GEFs (Edkins et al. 2006) . Abnormal RAS activity may also play a significant role in various developmental conditions, autism and other neurological disorders (Simanshu et al. 2017) .
GTP-competitive inhibitors function like ATP-competitive inhibitors, have the ability to impair stimulatory activity of GAP and thus target mutant Ras. However, the efforts were not successful due to difference in binding affinity of ATP (micromolar) with protein kinases and of GTP (picomolar) with RAS oncoproteins (Stephen et al. 2002) . Understanding the functions of RAS proteins in context with plasma membrane and characterization of RAS interactions with downstream effectors are required for interventions aimed at RAS diseases.
RAS and its cytosolic targets
Eleven distinct classes of RAS effectors are identified and many of them have functionally related isoforms. They are known to possess RAS-association (RA) domains or RASbinding domains (RBD). Binding of effectors to the activated RAS-GTP promotes their activation, recruits to plasma membrane in high concentration and enhances their intrinsic catalytic activity.
RAS and RAF 1
Activated RAS (RAS GTP) recruits serine-threonine kinase RAF-1 (rapidly accelerated fibrosarcoma1) to the plasma membrane. Fusion of RAF to the C-terminal membrane localization signal of K-RAS has been examined in murine cells (Kolch et al. 1991) . Nevertheless, dominant negative mutants of RAF are studied to impair Ras transforming activity (Schaap et al. 1993) . MEK or MAPKK [mitogen activated protein kinase (MAPK)/ extracellular signal regulated kinase (ERK)] can either be phosphorylated by MEK kinase or by all the three forms of activated RAF (ARAF, BRAF and CRAF) and in turn phosphorylates ERK. High MAPK activity brings about the phosphorylation and activation of ribosomal S6 kinase and transcription factors including c-MYC, c-JUN, c-FOS. This stimulates the expression of proliferator genes (Lusk et al. 2017) . Analysis of RASopathies (group of clinical syndromes like neurofibromatosis type 1; autism spectrum disorders; cancer) in humans examines similar phenotypes exerted by either germline-activated alleles of H-Ras, N-Ras, and K-Ras; or by activated BRAF, CRAF, MEK1/ MEK2. This explains the central importance of RAF/MAPK cascade in RAS biology (Simanshu et al. 2017) .
Non-steroidal anti-inflammatory drug, sulindac sulphide although potentially inhibits RAS-RAF interaction by binding at RAF binding site, decreases the phosphorylation of ERK and inhibits the proliferation of RAS transformed cells but due to its off target activities, it is no more considered as useful drug (Karaguni et al. 2002) .
RAS and serine -Threonine kinase (MEKK1)
MEKK1 and its downstream targets, MAP kinases including c-JUN N-terminal kinases/stress activated kinases (JNK/ SAPK) are activated by RAS-GTP through Ral/CDC42 pathway and regulate stress-response. Despite JNK being the primary targets of MEKK1, experimental studies examine the role of MEKK1 in MEK/ERK pathway activation independent of RAF-1(Lange-Carter and Johnson 1994). Hyperactivation of the RAS/MAPK pathway causes RASopathies in humans. Targeting MEK relieves feedback suppression of upstream signaling; increased RTK signaling and ERK activity (that can off-set the effects of MEK inhibition). Minimal therapeutic window between normal cells and K-Ras cancer cells is due to the fact that only small fraction of normal cells exhibit high MEK activity while large fraction of K-Ras cancer cells show high MEK activity due to chronic Ras activation Lake et al. 2016 ).
RAS and RAC/ RHO
The G protein RAC and RHO are regulated by factors analogous to GAPs and GNEFs and are activated by Ras-GTP (Buday and Downward 1993) . Critical functions of RAC and RHO include membrane ruffling, formation of stress fibers, filopodia and focal adhesions and thus contribute to invasive phenotype of transformed cells (Morrison and Cutler 1997) . Owing to the significant function of mutant RAC1 as a crucial driver of cancer growth, its inhibition may have a therapeutic benefit in Ras mutant cancers. This is supported by mouse model studies where genetic ablation of RAC1 function impaired the initiation of mutant K-Ras driven lung or pancreatic cancers (Kissil et al. 2007; Heid et al. 2011 ).
RAS and phosphoinositide 3′-kinase (PI3K)
Cellular processes regulated by PI3-K include suppression of apoptosis, increased cell motility and invasiveness. PI3-K consists of 110kD catalytic subunit and 85kD regulatory subunit. Binding of RAS-GTP with 110kD subunit of PI3K increases its activity and concentration of 3′ phosphorylated inositol lipids. Complex sequence of events initiated by phosphatidyl inositol 3,4,5-triphosphate (PIP3), one of the PI3-K products, include activation of RAC, production of PIP2 (phosphatidyl 4,5-biphosphate) by activating PI4/PI5 kinases, uncapping of actin filaments at plus end and membrane ruffling (Ridley et al. 1992 ). PI3-K has been shown to suppress c-MYC-induced apoptosis by RAS. Downstream targets of serine-threonine kinase AKT (protein kinase B), the potential downstream effector of PI3-K, include pro-apoptotic protein BAD and caspase 9 (Cardone et al. 1998 ). Mice expressing a mutant form of PI3Ka that fails to bind RAS, were generated but could not survive to adulthood (Gupta et al. 2007; Castellano et al. 2013) . Mice with defective lymphatic systems, angiogenesis and macrophage functions explain the importance of this interaction in tissue specific manner (Murillo et al. 2014) . Kinase mammalian target of rapamycin (mTOR), another target of AKT, has been shown to play critical role in cell cycle progression (Yan et al. 1994 ).
RAS and RALGEFs
RALGDS is another potential Ras effector. It is recruited to membrane by activated Ras. Functions of RAL family proteins (RALA and RALB) have been implicated in exocytosis, endocytosis, actin organization and cell migration but the mechanism is not clearly known. Mice lacking RALGDS, one of the four RA domain-containing RALGEFs, were examined to retain viability but exhibited reduced carcinogeninduced mutant H-Ras driven skin tumour formation (Gonzalez-Garcia et al. 2005) . Experiments on RNAi/ shRNA-mediated silencing of isoforms of RALGEFs, RALA and/or RALB in Ras-mutant pancreas, skin and lung organs reflect different roles for RAL GTPases in tumour initiation and progression versus maintenance, or cancertype differences (Chien and White 2003; Lim et al. 2006; Peschard et al. 2012 ).
RAS and TIAM
T lymphoma invasion and metastasis protein 1 (TIAM1) has been examined as a specific GEF for RAC with RAS binding domain (Lambert et al. 2002) . Involvement of TIAM1 in RAS-RAC crosstalk, RAC mediated ruffling of membrane, spreading of cell, neurotrophin induced Schwann cell migration and activation of JNK is documented (Yamauchi et al. 2005 ).
RAS and RASSF/NORE1
RASSF (RAS association domain family) members function as tumor suppressors in human tumors and can be silenced by DNA methylation. RASSF2, RASSF4 and RASSF5 (NORE1) interaction with K-Ras induce cell cycle arrest and promote apoptosis (Vos et al. 2003a; . One of the isoforms, RASSF1A, forms complex with a BH-3 like protein MAP-1, promotes its binding with BAX, activates BAX and induces apoptosis (Baksh et al. 2005) .
RAS, RIN and PLC
Among three isoforms of RIN, RIN1 is cytosolic while RIN2 and RIN3 are localized to endocytic vesicles. RIN1 with RA domain functions as GEF for RAB5/VPS21 like proteins and promotes RAS mediated endocytosis (Tall et al. 2001 ). Phospholipase C (PLC), RAS binding protein, gets activated by PDGF and EGF growth factors in a RAS and RAP1 dependent manner and has a critical role in carcinogenesis (Song et al. 2002) .
RAS, AF6 and PKCζ
AF6 (Afadin) is an actin binding protein and consists of two RA domains in its N-terminus and a PDZ domain. AF6 has been examined to colocalize with tight junction protein ZO-1 and play role in the maintenance of epithelial cell-cell junctions and cell polarity (Zhadanov et al. 1999) . It negatively regulates RAP1 mediated cell adhesion. PKCζ (protein kinase C-zeta) shares structural similarity with RAF and has been examined to interact directly with RAS both in vitro and in vivo (Diaz-Meco et al. 1994) .
Although mutations in Ras genes, specifically K-Ras, accompany high MAPK activity in 40% of colorectal cancers, nevertheless, regulation of MAPK signaling has been shown to be preserved through wild type Ras isoforms. High activity of MAPK activates other protein kinases and gene regulatory proteins by transmitting signals downstream to it. Studies in primary colorectal cancer tissues, MAPK reporter constructs and xenograft models report high MAPK activity in tumor cells which exhibit epithelial plasticity. Such plastic tumor cells were later examined to express markers related to colon cancer stem cells (Blaj et al. 2017 ).
Epithelial-to-mesenchymal transition (EMT) and cancer
The process of plastic transition of epithelial and mesenchymal cells, best described as EMT, and its reverse process of mesenchymal-to-epithelial transition (MET) has been first examined in mesenchymal transformation of early epithelial cells in chick embryonic lens epithelium in 1980s (Greenburg and Hay 1982; Greenburg and Hay 1986) . It is considered as important cellular mechanisms in embryogenesis, wound healing, fibrosis, chronic inflammation, embryonic stem cell differentiation, pluripotency, acquisition of cancer stem cell behavior and cancer progression (Garg 2013; Santamaria et al. 2017) . Loss of adherens junctions, altered cytoskeletal organization and cell polarity, degradation of basal extracellular matrix (ECM), secretion of matrix of fibronectin and migration of cells into underlying tissues are the phenotypic changes associated with EMT (Bhatia et al. 2017) . Down-regulation of epithelial cell surface marker proteins and cytoskeleton components including E-cadherin, zonula occludens (ZO)-1, claudins, occludins and cytokeratins; upregulation of mesenchymal markers including vimentin, α-smooth muscle actin, collagens and fibronectin; disruption of intercellular contacts, matrix and tissue remodeling; enhanced invasion/ migration through extracellular matrix; and apoptotic resistance are the essential features of EMT/ MET during tumor development (Lee et al. 2006; Santamaria et al. 2017) .
EMT program is essentially regulated by extracellular inducers; EMT-ATFs; and downstream targets. Ras signaling pathway is orchestrated by the external inducers/ growth factors and mobilize EMT-ATFs. Snail family of zinc-finger transcription factors: Snail1 (Snail), Snail2 (Slug) and Snail3 (Smuc) bind to the promoter regions of cadherin gene (CDH1) through their carboxy-terminal zinc-finger domains and repress the expression of its protein product, E-cadherin (Garg 2013) . Binding facilitates Snail1 to recruit Polycomb repressive complex 2 (PRC2) [G9a and suppressor of variegation 3-9 homologue 1 (SUV39H1), the co-repressor SIN3A, histone deacetylases 1, 2 and/or 3, and Lys-specific demethylase 1 (LSD1) methyltransferases, enhancer of zeste homologue 2 (EZH2)] and allow modifications in histone (Herranz et al. 2008 ). Methylation at histone 3 Lysine 9 (H3K9) and H3K27 marks repressive chromatin while methylation at H3K4 and acetylation at H3K9 mark active chromatin. Increased nuclear abundance of Snail1 and Snail2, low expression of E-cadherin and induction of EMT correlate with increased tumor metastasis in vivo (Batlle et al. 2000; Cano et al. 2000) . Coexpression of mutant K-Ras and a polycomb-group repressor complex protein, Bmi1 (B lymphoma Mo-MLV insertion region 1 homologue) in human pancreatic duct-derived cells (HPNE) allows them to undergo partial EMT via upregulation of Snail and impairs the anchorage-independent growth capability of invasive cells .
Another family of EMT-ATF is a basic helix-loop-helix (bHLH) transcription family which consists of two transcription factors, Twist1 and Twist2. Binding of Twist1 to the promoter region of Snail2 increases its expression and induces EMT in metastatic mammary tumors. Early stage of primary breast tumor development has been studied by examining the higher expression of Twist1 in mouse models of atypical ductal hyperplasia (Hüsemann et al. 2008) . Methyltransferase SET8 (mediates H4K20 monomethylation) recruited by Twist1 results in repression of E-cadherin and activation of N-cadherin (Yang et al. 2012 ). Twist1 along with Bmi1 regulates and represses E-cadherin and cell cycle inhibitor p16 (also known as INK4A). The role of Twist1 is wellestablished in cytoskeletal reorganization and cancer metastasis. It inhibits HOXD1 and RHOC (Ras homolog gene family, member C) and is regulated by microRNAs (miRs) (Clark et al. 2000; Ma et al. 2007; Chen et al. 2016) .
Zinc finger E-box-binding homeobox 1, Zeb1 and Zeb2 are the members of Zeb family of transcriptional repressors. They inhibit the promoter activity of CDH1 genes by binding with bipartite E-box regions of DNA that flank CDH1 gene. In nucleus, it cooperates with deacetylase sirtuin 1, modifies histone H3 and reduces binding affinity of RNA polymerase II to the promoter region of CDH1. Suppression of plakophilin-2 and ZO-3 due to ectopic expression of ZEB proteins in mammary epithelial cells is linked with the dissociation of adherens junctions and loss of epithelial phenotype. Functions of ZEB proteins in matrix remodeling mechanisms are established by increasing the expression of matrix metalloproteinases (MMPs) and inducing EMT. ZEB proteins and five members of miR-200 family form a reciprocal feedback loop, thus tightly control the plasticity of tumor cells (Burk et al. 2008; Bracken et al. 2008) . Depletion of ZEB1 has been linked with suppression of stemness, colonization capacity and in particular phenotypic/metabolic plasticity of mutant K-Ras and p53 driven pancreatic tumour cells (Krebs et al. 2017 ).
Higher expression of LEF-1, an EMT-ATF, has been examined to promote EMT through its activation by β-catenin (Kim and Hay 2002) . Another potent inducer of EMT is SOX (SRY box) transcription factor that synergizes with Snail1 or Snail2 and activate EMT (Kondoh and Kamachi 2010) . FOX (Forkhead box) transcription factor is characterized to have DNA-binding forkhead domain and recently has been shown to promote EMT (Eijkelenboom and Burgering 2013) . These transcription factors are regulated by signaling pathways and miRs; control the expression of each other; functionally cooperate at target genes; and drive EMT progression. In preclinical setting, EMT has been associated with acquisition of cellular plasticity with enhanced stemness (characterized by heterogeneity and self-renewal property); increased resistance to conventional chemotherapy; inhibition of apoptosis; accelerated tumor progression; metastasis; and recurrence.
Mechanistic regulation of epithelial plasticity through Ras activation
Receptor tyrosine kinases respond to extracellular cues and tightly control the process of EMT/MET in a spatially defined manner (Garg 2013 (Garg , 2017 . Mechanistic regulation of EMT in Ras driven human cancer pathogenesis due to cooperative activity of receptor tyrosine kinases/ oncogenic RAS and downstream endogenous signaling molecules is mediated by the interplay between them and miRs. MiRs are highly conserved across species in sequence and function. MiRs are cluster of small non-encoding RNA molecules of 21-23 nucleotides that serve as master regulators of many pathological and physiological processes by modulating gene expression at posttranscriptional level. MiR-134 has not only been identified to be direct target of K-Ras but also affects cell proliferation, migration, invasion and EMT in renal cell carcinoma cell lines (Liu et al. 2015) . Loss of let-7 (the first known human miR) expression correlates with high K-Ras mRNA expression in colon cancer tissues (Saridaki et al. 2014) . MiR-31 has been examined to be the potent enhancer of K-Ras by negatively regulating K-Ras inhibitor, RasA1, in colon and lung cancer (Kent et al. 2016) . Emerging evidences identify and correlate the dysregulation/ epigenetic silencing of miR-615-5p with increased expression of RAB24; aberrant activation of RAB-RAS pathway; facilitated in vitro and in vivo hepatocellular carcinoma (HCC) growth; and metastasis .
Binding of ligand [growth factors, EGF, FGF, insulin growth factor (IGF), and PDGF] to the transmembrane receptor tyrosine kinases (RTKs) brings about its autophosphorylation at tyrosine residues and activate PI3K-AKT, ERK MAPK pathways and SRC (tyrosine protein kinase) signaling (Fig. 3) . Increased protein expression of RAS/PI3K/AKT related factors and reduced expression of one of the downstream targets, FoxM1 has been identified to be regulated by lower levels of miR-630 and thus affects EMT, migratory and invasive properties in gastric cancer (GC) cells (Feng et al. 2017) . Functional and mutational studies validate RAF serine threonine kinases as the most potential effectors of mutant Rasdependent cancer growth. Ligand binding or gain-of function mutations in RAS, RAF, MEK1/2 genes activate MEK-ERK module which is of principal importance in human cancer. EMT-ATFs' reprogramming strongly correlates with ERK immunopositivity, induction of migratory phenotype of cells and poor survival of patients diagnosed with melanoma. Higher expression of ERK2 but not ERK1 has been associated with RAS-induced changes, downregulation of epithelial markers, upregulation of mesenchymal markers, increased cell migration, invasion, growth in matrigel and survival against anoikis in MCF-10A breast epithelial cells. Increased expression of miR-224 in dysplastic colorectal disease correlates with increased K-RAS activity and ERK-AKT phosphorylation (Amankwatia et al. 2015) .
Genome-wide analysis of FOS related antigen [FRA1 (transcription factor)] chromatin occupancy and transcriptional regulation identify EMT-related genes as a major class of direct FRA1 targets. It plays important role in mediating cross talk between oncogenic RAS-ERK and TGFβ signaling networks during tumor progression (Diesch et al. 2014) . Binding of FRA1 with phosphorylated ERK2 at DEF (Docking site for ERK, F-X-F) motifs and/or D-domains (Docking domain) leads to induced EMT, anti-apoptosis, cell motility and invasiveness (Roux and Blenis 2004) (Fig. 4) . MiR-221/222 regulate FRA1 expression, activate MEK, mediate reduction in E-cadherin abundance and increased expression of mesenchymal specific genes and thereby contribute to aggressive clinical behavior of basal-like breast cancers (Stinson et al. 2011) . Binding of promoter region of vimentin with AP-1 factor, c-JUN and FRA1, in human breast cancer cell lines and human colon epithelial cell lines respectively contributes to the enhanced expression of vimentin in a tissue specific manner (Rinehart- Kim et al. 2000; Andreolas et al. 2008 ). Overexpression of RAS particularly, H-RasV12 exerts its effects by elevating FRA1 levels through the AKT, MAPK-ERK and PI3K pathway in a wide variety of tissue cell types. Caco-H1 and -H2 cells treated with FRA-1 siRNA appear to reverse mesenchymal phenotype and eliminate migrational ability. These phenotypic changes are characterized by the loss of the long protrusions of vimentin and its relocalization around the cell periphery (Andreolas et al. 2008) . Posttranslational modification in the form of phosphorylation of two C-terminal serine residues, Ser-252 and Ser-265 of FRA1 by RSK and ERK protein kinases results in inactivation of a C-terminal instability domain. Nevertheless, nonphosphorylated form of FRA1 promotes its ubiquitinindependent proteasomal degradation (Basbous et al. 2007 ). Overexpression of FRA1, its transcriptional autoregulation and posttranslational stabilization are linked with tumorigenesis and cancer progression (Casalino et al. 2003) . ERK2-FRA1 pathway has been documented to regulate the expression of ZEB1/2 and thereby EMT in human breast epithelial cells (Verde et al. 2007 ). Madin-Darby canine kidney (MDCK) cells transformed with oncogenic K-RAS synergistically upregulate α6-integrin, αV-integrin expression, ZEB1 via activation of MAPK/ERK/FRA1 signaling cascade and Twist-related protein 1; trigger EMT; and modulate cancer cell survival and tumorigenesis ). Mesenchymal-like phenotypic changes in breast cancer cells mediated by H-RAS pathway is controlled by the ZEB1/miR200c axis (Koh et al. 2015) . This loop acts downstream of RAS to regulate the expression of polycomb factor, Bmi1, triggers EMT and drives tumor initiation in cancer cells . Large degree of heterogeneity with regard to phospho-ERK immunopositivity in melanocytic lesions containing MEK activating mutations could be due to activation of different negative feedback pathways and acquisition of bypass mechanisms in advanced cancer Kim et al. 2015) . ERK1 and ERK2 have been shown to induce low level of expression of TGFβ in MCF-10A cells and thus enhance autocrine TGFβ signaling. Ras signaling synergizes with TGFβ-Smad signaling and induces growth arrest, tissue fibrosis and EMT (Miyazono 2009 ). TGFβR functions as serine threonine kinase, gets phosphorylated and creates docking site for SH2 domain containing proteins, like PI3K, GRB2 and SOS and thus linked to the PI3K/AKT and RAS-RAF-MEK-ERK MAPK pathways. TGFβ induces the activation of RHO (by promoting GNEFs), RAC and CDC42 GTPases. The activity of two small GTPases, RAC and RHO, is stimulated by RAS via PI3K and thereby activate EMT and motility by regulating adherens junctions, focal adhesions, phosphorylation of myosin and actin stress fibers (Edme et al. 2002) . Adenocarcinoma A549 cells when induced by TGF-β1 exhibit, increased expression and activity of RhoC protein; low levels of E-cadherin; high levels of vimentin; and enhanced invasive capability of the cells in vitro (Lu et al. 2016) . TGF-β remarkably induces Snail expression in cooperation with RAS signals and activates EMT (Shields et al. 2013) . Studies reveal the underlying mechanism and demonstrate the role of signal transducer and activator of transcription 3 (STAT3) as a mediator that synergizes TGF-β and RAS signals through enhanced Snail induction (Saitoh et al. 2016) . Proteomic analysis in highly metastatic triple-negative breast cancer (TNBC) validates RAB1B, a member of the Ras oncogene family as a metastasis suppressor. Mechanistically, loss of RAB1B results in elevated expression of TGFβR1 through decreased degradation of ubiquitin; increased levels of phosphorylated SMAD3; TGF-β-induced EMT; and correlates with poor prognosis of breast cancer patients (Jiang et al. 2015) . Another study identifies insulin-like growth factor binding protein-related protein 1 (IGFBP-rP1), to suppress EMT and colorectal cancer/ metastasis by repressing TGF-β-mediated EMT through the Smad signaling cascade (Zhu et al. 2015) .
Hepatocyte growth factor (HGF) acts through RTK c-MET (also known as HGFR), recruits ERK MAPK pathway, allows binding of the early growth response 1 (EGR1) transcription factor to the promoter region of Snail gene, induces its expression and converts epithelial cells into migratory fibroblast-like cells. According to study by Marchetti et al. RTK-or integrininduced AKT stimulates Snail1 expression through nuclear factor-κB (NF-κB), stabilizes Snail1 by inhibiting GSK3β (glycogen synthase kinase 3β) and stimulates its activity (Marchetti et al. 2008) . Another study demonstrates the downregulation of miR-98 and miR-27b, promotion of CCL18-mediated invasion and migration and EMT via N-RAS/ ERK/PI3K/NFκB/Lin28b signaling pathway in breast cancer . Insulin-like growth factor 1 (IGF1)-induced expression of ZEB1 and stimulation of EMT has been associated with activation of ERK-MAPK and PI3K-AKT pathways (Graham et al. 2008) . ILK kinase and the ERK-MAPK pathway dependent matrix metalloproteinases, MMP2 and MMP9 mediated proteolysis, increased cell migration and EMT is linked with binding of EGF to its receptor. Human mammary epithelial cells with activated EGF receptor 2 (HER2; also known as ERBB2) show increased tumorigenic potential. Overexpression of EGF-related Cripto1 (also known as TDGF1) has been examined to induce motility and invasion of tumor cells (Ahmed et al. 2006 ). Platelet-derived growth factor (PDGF) in colon carcinoma cells has been shown to drive EMT by inducing dissolution of adherens junctions, repression of E-cadherin expression and nuclear localization of β-catenin (Yang et al. 2006) . PDGF-related growth factor, VEGF, partly inhibits GSK3β activity, stimulates Snail and Twist expression and activates EMT in cancer development (Wanami et al. 2008 ).
Therapies to target RAS activation and EMT
EMT activation is presented with early local invasion followed by progression/ metastasis, imparts stemness to migratory/ circulating tumor cells (CTCs), makes them resistant to cancer therapies and contributes extremely poor prognosis to cancer cells. Since the expression of EMT marker genes is not only cell and tissue specific but is also regulated by the multiple downstream targets of RAS pathway, hence it is difficult to quantify the extent of EMT and its degree of progression. Increased resistance of mutant Ras harboring cells to ionizing radiations; its crosstalk with other protooncogenes/ downstream targets; and genetic heterogeneity of different cells and tissues make it difficult to therapeutically eliminate mutant Ras and its tumorigenic effects (Sklar 1988; McKenna et al. 1990; Grant et al. 1990; Miller et al. 1993 ). Since, oncogenic K-Ras is constitutively inactive but upstream stimulants can result in prolonged strong Ras activity, hence, interventions to reduce K-Ras activation in addition to targeting K-Ras downstream effectors may have important cancer-preventive value in patients with oncogenic K-Ras . Experimental studies in animal and human clinical trials are currently focusing on the approaches based on the use of potential inhibitors targeting (a) RAS; (b) blocking RAS membrane association; and (c) RAS downstream effectors. Among these, targeting RAS downstream effectors is the most favorable approach in the development of anti-cancer drugs to impede tumor development and progression. Despite more than three decades of efforts, none of the effective pharmacological RAS inhibitors (multiple kinase inhibitors including RAF, MEK) yet reach to clinic, however, intensive researches are on to explore potential anti-tumor therapeutics.
Blocking protein-protein interfaces of RAS-effector complexes with small molecules; targeting the RBDs of various effectors; and hyper-phosphorylation of the RAFs and SOS1 that can make components of RAS pathway unresponsive to upstream signaling, are attractive therapeutic approaches against Ras driven cancers (Simanshu et al. 2017 ). Ability of small-molecule pan-RAS ligands to interact with adjacent sites on the surface of oncogenic K-Ras; metabolic stability in liver microsomes; and their anti-tumor activity in xenograft mouse cancer models make them an effective therapeutic molecule in cancer treatment (Welsch et al. 2017) . Expanded signaling capacity has been observed in heterocellular cancer, pancreatic ductal adenocarcinoma (PDA) [PDA is composed of mutated tumor cells, stromal fibroblasts, endothelial cells, and immune cells] where K-Ras oncogene establishes a differential reciprocal (external) signaling state in tumor cells. Reciprocal signaling employs additional kinases; doubles the number of regulated signaling nodes; regulates tumor cell proliferation/ apoptosis and increases mitochondrial capacity (Tape et al. 2016 ). Lack of a deep pocket (to which drugs can bind); complexity of RAS effector functions/ downstream pathways; and feedback loops/ signaling redundancy are some of the major challenges in shutting down of RAS signaling (Simanshu et al. 2017) .
Owing to regulatory functions of miRs in RAS signaling induced epithelial plasticity and enhanced metastatic potential of CTCs, miR based therapeutic studies in in vitro and in vivo models hold promise for the development of personalized approaches in cancer prevention. This section provides improved understanding on the specific therapeutic mechanisms of miRs in EMT induced Ras driven human cancer (Koh et al. 2015; Kent et al. 2016) . Therapies involving miRs are based on (a) local administration of antagomiRs/ antimiRs to inhibit oncogenic endogenous miRNA that show gain of functions; and (b) miRNA replacement therapy to restore the loss of function of tumor suppressor miRs. Stable expression of miRs affects the expression of target genes, reverse the plastic nature of CTCs/ EMT phenotype and sensitize the cancer cells to anti-cancer drugs .
Transfection of human GC cell line SGC 7901 with tumor suppressor miR-630 mimic has been examined to suppress EMT by regulating FoxM1 and inactivating RAS/PI3K/AKT pathway in GC cells (Feng et al. 2017) . Study by Ye et al. examines the potential therapeutic implications of long noncoding RNA (lncRNA), growth arrest-specific 5 (GAS5) and its related miRs with tumor suppressor functions in osteosarcoma (Ye et al. 2017) . Binding of overexpressed GAS5 to miR-221 in xenograft models has been identified to enhance the expression of aplasia RAS homologue member I (ARHI), suppress cell growth/ EMT in osteosarcoma by regulating the miR-221/ ARHI pathway. MiR-615-5p functions as tumor suppressor, reduces the expression of RAB24 (RAS-related protein), suppresses EMT, adhesion and vasculogenic mimicry (VM) of HCC cells . Forced expression of tumor suppressor, miR-134, suppresses K-RAS-related MAPK/ERK pathway functions; reduces proliferation by triggering G1/G0 cell cycle arrest; and inhibits migration and invasion by blocking EMT in renal cell carcinoma (RCC) cell lines (Liu et al. 2015) . HCC MHCC97-H and HCCLM3 cell lines transfected with let-7 g were examined to suppress EMT by downregulating K-RAS and HMGA2A. Potential therapeutic ability of overexpressed let-7 g in xenografted nude mice was analyzed using in situ hybridization (ISH). Low levels of let-7 g have been found to be significantly associated with poorer overall survival while its re-expression correlates with significantly inhibited proliferation, migration, and invasion (Chen et al. 2014) . MiR-29 family members are shown to have tumor-suppressive effects in RAS activated haematopoietic, cholangiocytic and lung tumours. MiR expression suppresses the expression of proteins that are involved in the degradation of messenger RNAs with AU-rich 3′-untranslated regions, tristetraprolin (TTP), inhibits EMT and blocks metastatic spread of CTCs (Gebeshuber et al. 2009 ). Owing to oncogenic functions of miR-224 and its differential expression in dysplastic colorectal disease, antagomiR-mediated silencing of miR-224 in NIH3T3 cells expressing K-RAS and BRAF mutant proteins results altered cell proliferation, invasion and EMT phenotypes; and increases chemosensitivity of cells to 5-fluorouracil (Amankwatia et al. 2015) .
Conclusions
RAS activation through its crosstalk leads to the uncontrolled mobilization of EMT core regulators/ inducers and thus contributes cellular plasticity to tumor cells. EMT endows primary tumor cells that shed into circulatory/ lymphatic system to transiently adapt altered morphological features which include the reduced requirement of cell-cell contact, immune evasion, enhanced proliferation and spread of tumor cells to distant organ sites. Plastic nature of tumor cells with enhanced stemness allows them to survive in an adverse environment through constant evolution. CTCs when colonized, establish pre metastatic niches; accelerate tumor progression; confer cells an advantage to survive anticancer therapeutics across diverse cancer lineages; and pose clinical challenges in cancer treatment.
Global screening and profiling of population of CTCs for quantitative identification of signature molecules which contribute to cellular plasticity by tightly coupling RAS with EMT core inducers leads to improved clinical utility for monitoring the extent of metastatic spread and tumor relapse. Posttranscriptional activation/ autoregulation and posttranslational stabilization of EMT core regulator proteins mediated by Ras oncogene-dependent accumulation through positive feedback mechanisms drastically increase their half-life. Dissecting the mechanisms that regulates the transcriptional activation and stabilization of multiple regulators/ downstream targets/ tumor promoters in response to the oncogenic Ras may help in identification of potential inhibitors that can bring about morphological transformation of tumor cells to reduce their plasticity and thus may result in complete loss of metastatic potential.
Tight regulation of epithelial plasticity by miRs in RAS driven cancer cells as evidenced by various experimental studies mentioned, encourages the use of them as potential inhibitors/ metastatic suppressors. Small size of miRs, sufficient delivery to target tumor tissues, ease of systematic delivery inside the cell cytoplasm to nucleus, lack of evidence for in vivo toxicity and no apparent loss of activity make them a valuable tool and highly promising therapeutic strategy. MiR based anticancer therapies facilitate differentiation of tumor cells to mature and committed cells, inhibit their cellular plasticity, revert or block the process of EMT, control metastatic spread and tumor recurrence. Despite extensive studies on analyzing critical functions of individual miRs, regulatory mechanisms of many of them are poorly understood. Bioinformatic tools, available online data bases and integrated analysis of multiple mRNA targets for a given miR may provide improved understanding on the regulatory interactions of miRs-mRNA specific to induction of EMT in Ras induced cancer.
